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I review recent progress in the study of the large-scale structure of the Universe, covering the following areas: (1) 
Results from recently completed or ongoing redshift surveys of galaxies and X-ray clusters; (2) Measurements of 
the power spectrum of fluctuations approaching Gpc scales; (3) Redshift-space distortions and their cosmological 
use; (4) Structure at high redshifts and its connection to galaxy formation. 



1. INTRODUCTION 

It is a particularly fortunate moment to review 
the field of large-scale structure^, in the light of 
the impressive series of results that appeared dur- 
ing the last year or so, as a consequence of the 
(entire or partial) completion of large surveys of 
galaxies and clusters of galaxies. The enthusiasm 
for the new large-scale structure measurements 
has been further animated by the immediate pos- 
sibility to compare them to the recent fundamen- 
tal results obtained by microwave background ex- 
periments, which measured with unprecedented 
precision the power spectrum of anisotropics over 
scales finally overlapping those probed by galaxy 
surveys (see De Bernardis, this volume). In this 
brief non-specialist review I have tried and as- 
sess this enthusiasm, in the spirit of providing a 
general, though clearly incomplete, guide to what 
seem to me the most promising recent results on 
large-scale structure in the local Universe. Some 
emphasis is placed on the importance of under- 
standing the "bias" , i.e. the relation between the 
distribution of the objects under study and the 
matter whose gravity governs the overall evolu- 
tion of clustering. Finally, prospects for studying 
such evolution through deep surveys of galaxies 
are quickly touched in the last section. 

The recent flow of results makes it even more 
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difficult for such a brief review to be complete, 
or at least balanced. I therefore apologize to 
those colleagues whose work was inadvertently 
overlooked. The time scale is tuned to Septem- 
ber 2001, but I have added a few references until 
January 2002 which seemed helpful for a clearer 
picture. 

2. COSMOLOGICAL FRAMEWORK 

Let us set the basic scene for interpreting the 
observations we shall discuss here. It will be inter- 
esting, at the end, to verify whether the assumed 
framework is corroborated by the latest results. 

The current "standard" model for the origin 
and evolution of structure in the expanding Uni- 
verse is the Cold Dark Matter (CDM) model 0, 
whose global features provide a framework which 
is remarkably consistent with a large number of 
observations. The "Cosmology 2000" version of 
the model, which takes into account the indepen- 
dent evidences for a flat geometry (from the an- 
gular power spectrum of anisotropics in the Cos- 
mic Microwave Background [||) and an acceler- 
ated expansion (from the luminosity-distance re- 
lation of distant supernovae, used as "standard 
candles" |^) is one where CDM, in the form of 
some kind of weakly-interacting non-relativistic 
particles (see pertinent articles in this volume), 
contributes about 30% of the total density, with 
the remaining 70% provided by a "dark energy" 
associated to a Cosmological Constant. I will 
comment at the end of this review on how com- 
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Figure 1. The distribution of over 63,000 galaxies 
in two 4-degree thick shoes extracted from the to- 
tal of more than 210,000 galaxies that currently 
make up the 2dF Galaxy Redshift Survey (2dF- 
GRS, figure from 



fortable we should feel in front of the number of 
"unseen" ingredients of this model. Here we shall 
use the model as it is, in fact "just a model", i.e. 
a physically motivated machinery which works re- 
markably well when confronted with a variety of 
observations. 

Choosing CDM (or any other model) means 
specifying a Transfer Function T (k) . This can be 
thought of as describing a linear amplifieij^ which 

is the Fourier wavenumber, i.e. tlie inverse of a 3D 
spatial scale A = 27r/fc, measured in /i~^Mpc , with h 
being the Hubble constant in units of 100 Mpc . Most 
recent determinations indicate h ~ 0.7 with about 10% 
error, see W. Freedman contribution to this volume. 



filters the primordial spectrum of fluctuations 
(possibly of the scale- invariant form Po{k) oc k 
generally predicted by inflation) to produce the 
shape of power spectrum we can still observe 
today on large [fc^ 27r/(10 Mpc )] scales, 
P{k) = \T{k)\^Poik) |,|. One of the nice fea- 
tures of the CDM spectral shape in any of its vari- 
ants is to naturally lead to a hierarchical growth 
of structures, where larger entities are continu- 
ously formed from the assembly of smaller ones 
p. Within the gravitational instability picture, 
the formation of galaxies and larger structures is 
completely driven by the gravitational field of the 
dark matter, with our familiar baryonic matter 
representing only a tiny bit of the mass (~ 2% 
of the total energy density). The lighting- up of 
galaxies and other luminous objects depends then 
on how the baryons cool within the dark mat- 
ter haloes and form stars, ending up as the only 
directly visible peaks of a much larger, invisible 
structure. 

This increasing complexity in the physics in- 
volved is reflected by the limits in the predict- 
ing power of current detailed models of galaxy 
formation. Predictions from purely gravitational 
n-body experiments concerning the overall clus- 
tering of the dark mass can be regarded as fairly 
robust (?) . More complex semi-analytical calcula- 
tions addressing the history of galaxy formation 
have seen exciting progress during the last few 
years [p|-|TT|, but they clearly still depend on a 
large number of physically reasonable but "tun- 
able" parameters. 

Direct measurements of large-scale structure 
are a classical test-bench for CDM models and 
they have, for example, been the reason for reject- 
ing the original Einstein-DeSitter {^Matter = 1) 
version of the model, whose transfer function is 
inconsistent with the observed balance of large- 
to small-scale power p^ . The main problem in 
this game is that most observations of large-scale 
structure necessarily need to use radiating objects 
as tracers of the mass distribution, and thus need 
to go through the uncertainties mentioned above 
to allow meaningful comparison to model predic- 
tions |l3| . 
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3. PROGRESS IN LARGE-SCALE 
STRUCTURE STUDIES 

3.1. Galaxy Redshift Surveys 

Since the 1970's, redshift surveys of galaxies 
are the primary way to reconstruct the 3D topol- 
ogy of the Universe Last year has seen 
the completion and public release of the 
first 100,000 galaxy redshift measurements by the 
Anglo- Australian 2dF Galaxy Redshift Survey^, 
the largest complete sample of galaxies with mea- 
sured distances to date |l^] . This survey includes 
all galaxies with blue magnitude bj brighter than 
19.5, mainly over two areas covering 2000 
square degrees in total, to an effective depth of 
about eOO/i-^Mpc (z 0-2}:_^he immedi- 

reached a 



ate precursors of this survey [17 
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similar depth, but over much smaller areas: for 
comparison, the Las Campanas Redshift Survey 
(LCRS fl^), completed in 1996, measured a total 
of 16,000 redshifts, compared to the 250,000 that 
will eventually form the full 2dF survey. A plot of 
the galaxy distribution within the two main sky 
regions of this survey is shown in Fig.|l|. Here one 
can appreciate in detail the wealth of structures 
typical of the distribution of galaxies: clusters, 
superclusters (filamentary or perhaps sheet-like) 
and regions of very low density, the voids JlSf . A 
number of important results have been published 
in 2001 and are continuing to appear from the 
first completed part of the survey. I will discuss 
some of them in more detail in the following sec- 
tions (see also for an overview). 

In a parallel effort, the Sloan Digital Sky Sur- 
vey (SDSS)^ is on its way covering a large frac- 
tion of the Northern sky with a CCD survey in 
five photometric bands (u', g' , r' , i' , z'), while 
in parallel measuring redshifts for one million 
galaxies over the same area |22 . The SDSS 



photometric survey reaches a typical red mag- 



nitude 



23, with the galaxy redshift sur- 



vey being Hmited to r' = 17.7. The SDSS 
has also released an early fra ction of its data 
( bttp: / /archive. stsci.edu/sdss / ) , including pho- 
tometry and spectroscopy over 462 square de- 
grees. There is no doubt that this represents 
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the largest and most comprehensive galaxy survey 
work ever conceived. The multi-band photomet- 
ric survey is going to be of immense value for a 
number of studies, as estimating photometric red- 
shifts to much larger depth than the direct 
spectroscopic survey, or select sub-samples of ob- 
jects with well-defined colour/morphology prop- 
erties. One relevant example of such colour se- 
lections has been the discovery of several high- 
redshift (z > 5) quasars, including the z = 
6.28 case for which the first possible detection 
of the long-sought Gunn-Peterson effect, essen- 
tially the fingerprint of the "dark-ages" , has 
been recently reported |25|. Another impor- 
tant application will be the selection of about 
10^ "red luminous" galaxies with r' < 19.5, 
that will be observed spectroscopically providing 
a nearly volume-limited homogeneous sample of 
"old" galaxies out to a redshift z ~ 0.5, by which 
to study the clustering power spectrum on ex- 
tremely large scales and its evolution |^ . A de- 
tailed progress report on the SDSS has been pre- 
sented at the meeting by Josh Freeman and the 
reader is addressed to the corresponding contri- 
bution for references to the first general analyses 
from the survey. 

Both the 2dF and SDSS redshift surveys rely 
upon the large multiplexing performances of 
fiber-fed spectrographs, that allow the light from 
several hundred galaxies over a field of view of 1-2 
degrees to be conveyed into the same slit on the 
spectrograph. This specific technology, in vari- 
ous forms, has been the key to the explosion of 
the redshift survey industry in the 1990's, bring- 
ing the efficiency from the 10 redshifts/night for 
galaxies brighter than blue magnitude 6 ~ 14 of 
the 1970's, to the current 2500 redshifts/night to 
b ^ 19.5 (see e.g. for a more accurate ac- 

count). 

3.2. Surveys of X-ray Clusters of Galaxies 

Clusters of galaxies have a honourable history 
as a complementary tracer of large-scale structure 
(see e.g. |2^). Especially before the current era, 
when N > 100, 000 galaxy redshifts are becom- 
ing available over comparable volumes, groups 
and clusters have represented the most efficient 
alternative to map very large volumes of the Uni- 
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Figure 2. The spatial distribution of X-ray clus- 
ters in the REFLEX survey, out to 600 h'^ Mpc 
(from [^). Note that here each point corre- 
sponds to a cluster, containing hundreds or thou- 
sands of galaxies. Structure is here mapped in a 
coarse way, yet sufficient to evidence very large 
structures as the "chains" of clusters visible in 
this picture. 



verse, exploring in this way the gross structure 
and its statistical properties in the weak cluster- 
ing regime. 

X-ray selection represents currently the most 
physical way by which to identify and homoge- 
neously select large numbers of clusters of galax- 
ie^ (see also discussion in ) . Clusters shine in 
the X-ray sky thanks to the hremsstrahlung emis- 
sion produced by a hot plasma {kT ~ 1 — 10 KeV) 
trapped within their potential wells. The bolo- 
metric emissivity (i.e., the energy released per 
unit time and volume) of this thin gas is propor- 
tional to its density squared and to T^/^. Such 
dependence on in? makes clusters stand out more 

®A notable powerful alternative, so far limited by techni- 
cal development, is represented by radio surveys using the 
Sunyaev-Zel'dovic effect. In this case one measures, in the 
radio domain, the CMB spectral distortions produced in 
the direction of a cluster by the Inverse Compton scatter- 
ing of the CMB photons over the energetic electrons of the 
intracluster plasma (sec e.g. psf for a review). 



in the X-rays than in the optical light (i.e. galaxy) 
distribution (oc n). 

Under the assumption of hydrostatic equilib- 
rium, the intracluster gas temperature, mea- 
sured through the X-ray spectrum, is a direct 
probe of the cluster mass: kT oc ^nipa^ 
GfinipMrnr / i'if) (where rrip is the proton mass, 
fi ~ 0.6 the gas mean molecular weight, the 
galaxy ID velocity dispersion and Myir the clus- 
ter virial mass). X-ray luminosity, a more di- 
rectly observable quantity with current instru- 
mentation, shows a good correlation with tem- 
perature, Lx oc T" with a ~ 3 and a scatter 
^ 30%. The practical implication, even only on 
a phenomenological basis, is that clusters selected 
by X-ray luminosity are in practice mass-selected, 
with an error ^ 35 % (see e.g. Q and refer- 
ences therein for a more critical discussion). Last, 
but not least, the selection function of an X-ray 
cluster survey can be determined to high accu- 
racy, knowing the properties of the X-ray tele- 
scope used, in a similar way to what is usually 
done with magnitude-limited samples of galaxies 
This is of fundamental importance if one 
wants to compute statistical quantities and test 
cosmological predictions as, e.g., the mean den- 
sity or the clustering of clusters above a given 
mass threshold 

Fig. H plots the large-scale distribution of X-ray 
clusters from the REFLEX (ROSAT-ESO Flux 
Limited X-ray) cluster survey, the largest redshift 
survey of X-ray clusters with homogeneous selec- 
tion function to date ||3^. This data set, com- 
pleted in 2000 and publicly released at the begin- 
ning of 2002, is based on the X-ray all-sky survey 
performed by the ROSAT satellite in the early 
1990's (see e.g. for a comprehensive sum- 

mary). REFLEX includes 452 clusters over the 
southern celestial hemisphere and is more than 
90% complete to a flux hmit of 3 x 10^^^ erg 
s^i cm"2 the ROSAT energy band, 0.1-2.4 
kcV). The volume explored is larger than that 
of the 2dF survey and comparable to the vol- 
ume that will be filled by the SDSS 1-million- 
galaxy redshift survey^. In the cluster distribu- 

^Thc SDSS will then probe a much larger volume using a 
uniform sample of old { "Luminous ReH" l galaxies selected 
through their colours out to 2 ^ 0.5 ]26l. 
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tion the fine structure visible in Fig. 1 is obvi- 
ously lost; however, a number of cluster agglom- 
erates and filamentary structures with large sizes 
100/i~^Mpc ) are clearly evident, showing 
that clustering is still strong on such very large 
scales. 

4. STATISTICAL RESULTS ON LARGE- 
SCALE CLUSTERING 

4.1. The Power Spectrum of Fluctuations 

We have seen that large-scale structure mod- 
els as CDM are specified in terms of a specific 
shape for the power spectrum of density fluctua- 
tions P{k) . Analogously to standard signal the- 
ory, the power spectrum describes the squared 
modulus of the amplitudes Sk (at different spa- 
tial wavelengths A = 2-K/k) of the Fourier compo- 
nents of the fluctuation field 5 = 5p/ p Study- 
ing the power spectrum of the distribution of lu- 
minous objects on sufficiently large scales, where 
the growth of clustering is still independent of fc, 
we hope to recover a relatively undistorted in- 
formation to test the models. The uncertainties 
in relating the observed P{k) of, e.g., galaxies 
to that from the theory are due to (a) nonlin- 
ear effects that modify the linear shape below 
some scale; (b) the relation between the lumi- 
nous tracers for which we are measuring P(k) and 
the mass distribution, that is what the models 
predict. While the first problem can be circum- 
vented by pushing redshift surveys to larger and 
larger scales (and/or following nonlinear evolu- 
tion through numerical simulations), the second 
one involves knowing the so-called bias factor (or 
function). This can be defined as the ratio be- 
tween the variances in galaxy counts and in the 
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nificant amount of work has been dedicated to the 
problem of galaxy biasing during the last fifteen 
years, both theoretically (e.g. Q) and observa- 
tionally (e.g. establishing that for "normal" op- 
tically selected galaxies we have 6 ~ 1 — 1.5 over 
a fair range of scales [0). However, understand- 
ing the physical origin of the bias involves com- 
prehending the details of how the (mainly dark 
matter) mass of a galaxy governs the visible stel- 
lar light we use to select it for our surveys. De- 
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Figure 3. The power spectrum of 2dF galaxies 
and REFLEX clusters. Filled diamonds: estimate 
using 147,000 redshifts by the 2dF team ||l|l; open 
squares: Tegmark et al. analysis of the 100,000- 
redshift public release, with accurate treatment 
of window aliasing and error covariances p9|); 
filled circles: REFLEX clusters in a 600 h^^ Mpc 
box Dashed line: Einstein-De Sitter CDM 

model; lower solid line: Lambda-CDM "stan- 
dard" model (as defined in the first section); both 
are normalized to match the amplitude of CMB 
fluctuations |40| ; upper solid line: same Lambda- 
CDM model, but renormalized ("biased") accord- 
ing to the mass selection function of REFLEX 
clusters [45 131. 



spite the great advances of the last few years in 
our knowledge of the early phases of galaxy for- 
mation , wc arc still relatively ignorant about 
the details of these processes at early epochs. As 
a consequence b remains normally a free parame- 
ter when comparing galaxy clustering to the mod- 
els. As I shall discuss shortly, the situation can 
be more favourable when measuring P{k) using 
X-ray selected clusters. 

The 2dF and REFLEX surveys have produced 
the best estimates to date of the power spectrum 
of galaxies and X-ray clusters, respectively. Fig. || 
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compares these data sets directly. One can notice 
the remarkable similarity of the shape of P{k) be- 
tween galaxies and clusters. Such simple propor- 
tionality is here seen so clearly thanks to the size 
and the quality of these two surveys. This pro- 
vides a direct confirmation of the bias scenario, 
where clusters form at the high, rare peaks of the 
mass density distribution and for this reason 
display a stronger clustering amplitude. In the 
same figure I have also plotted the predictions for 
the power spectrum of the mass from two variants 
of the CDM family, computed as described in |42| . 
What we defined as the "standard" model in the 
beginning {Qm — 0.3, flA — 0.7, h = 0.7) pro- 
vides in general an excellent fit to the 2dF power 
spectrum, with a bias factor (i.e. normalization) 
close to unity^. The upper solid curve, on the 
other hand, is the same model re-normalized as 



Pcius {k) = blj: fPcDM {k) , 



(1) 



where the effective bias factor beff has been 
computed taking into account the effective mass 
range of the cluster sample, using a relatively 
straightforward theory (see |^5| for more 

details), ft is for these computations that a well- 
understood mass selection function of our clus- 
tering tracers is crucial. The general result (an 
additional step with respect to galaxies), is that 
our fiducial Iow-^Im CDM model is capable to 
match very well both the shape and amplitude 
of the cluster P(fc) ||. 

This shape agrees well (yet with a different, 
unknown bias) also with the power spectrum of 
the distribution of QSO's from the 2QZ survey, 
a large redshift survey of colour-selected quasars, 
also based on the 2dF spectrograph at the Anglo- 
Australian Telescope p6| . 

As can be seen from fig. I the Iow-VIm CDM 
model predicts a maximum for P{k) around k = 
0.02hMpc~^. One important meaning of this 
turnover (which is an imprint of the horizon size 



*In fact, once we fix the primordial spectrum Po, in a 
pure CDM Universe the observed shape depends only on 
Qm, not on £7^ (which on the other hand influences the 
normaUzation). In the literature, this is often parameter- 
ized through a shape parameter F = Qj^.j hf{Qf,), where 
f((^b) ~ 1 in case of negligible baryon fraction. Our fidu- 
cial "Cosmology 2000" model, therefore, has F ~ 0.2. 



at the epoch of matter-radiation equality |5[|) 
is that of an "homogeneity scale", above which 
(smaller fc's) the variance drops below the Pois- 
sonian value. In a pure fractal Universe, for ex- 
ample, P{k) would continue to rise when mov- 
ing to smaller and smaller fc's [E7|. In fact, 
at least visually the data of Fig.^ do not re- 
ally show a convincing indication for a maxi- 
mum. In addition, on such extremely large scales 
(A > SOOft-^^Mpc ), the effect of the survey ge- 
ometry on the measured power can be very sig- 
nificant, resulting in an effective survey window 
function in Fourier space which is convolved with 
the true underlying spectrum (e.g. |39|). For 
highly asymmetric geometries, the plane- wave ap- 
proximation intrinsic in the Fourier decomposi- 
tion fails, and the convolution with the window 
function easily mimics a turnover in a spectrum 
with whatever shape (e.g Q). The best solution 
in such cases is to resort to survey- and clustering- 
specific eigenfunctions as those provided by the 
Karhunen-Loeve (KL) transform An ap- 

plication of this technique to the REFLEX data 
poll seems to confirm the reality of a turnover at 
k ~ 0.023 hMpc"\ consistent with a CDM shape 
parameter F = 0.14lg'|!)7, essentially the same 
that best describes the current 2dF and CMB 
data corresponding to an — 0.2 CDM 
model. 

The SDSS will provide unique information 
around the scale of the expected peak of P{k), 
in particular through the Luminous Red Galaxy 
(LRG) sample. A first application of the KL 
transform to very early SDSS angular data is pre- 
sented in where it is shown that even from 
only 222 square degrees, the survey is able to sam- 
ple the peak of the power spectrum. A parallel 
analysis using a different technique |53[ finds a 
best-fitting CDM spectral shape F = O.Uta[ol, 
i.e. virtually the same as measured by 2dF and 
REFLEX, again indicating an impressive conver- 
gence of independent observations towards the 
same Iow-J^m CDM model. 

The SDSS LRG sample will also be useful to 
verify the presence of baryonic features, in P{k), 
due to oscillations in the baryonic component 
within the last-scattering surface j42) . A possible 
detection has been claimed in an analysis of some 
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Figure 4. Estimates of the galaxy two-point cor- 
relation function from the new 2dF and SDSS 
57 1 data, compared to the previous Las Cam- 
panas Redshift Survey The dotted hues 

show instead a correlation function in real space, 
obtained through deprojection from the APM 2D 
galaxy catalogue |^ under two different assump- 
tions about galaxy clustering evolution. 



cluster and galaxy samples previous to 2dF and 
REFLEX Q . These features are expected to be 
of very low amplitude^ unless the baryon den- 
sity is much higher than currently established. In 
fact, similar wiggles seen in the 2dF power spec- 
trum are interpreted as an artifact of the survey 
window function ||l^ , while the REFLEX data do 
not show convincing evidence so far. 

4.2. The Two-Point Correlation Function 

In fact, the simplest statistics one can compute 
from the data and also that for which the selec- 
tion function is more directly corrigible, is not the 
power spectrum, but rather its Fourier transform. 



^Remember, however, that these considerations are 
strictly vahd for the matter power spectrum, not for the 
biased field represented by galaxies or clusters for which, 
in principle, one could speculate that such features might 
be non-linearly amplified. 



the two-point correlation function ^(r), which 
measures the excess probability over random to 
find a galaxy at a separation r from a given one 
Is^ j. Fig. ^ shows the correlation function mea- 
sured in redshift space, ^(s) (see next section for 
definitions), from the 2dF and SDSS current data 
sets |5^,0 , compared to the previous LCRS . 
Also shown (dotted lines) is ^(r) reconstructed 
from the APM angular survey 

The figure shows that, especially for the two 
newest surveys, the shape of ^(s) is extremely 
well described between 0.1 and 50 /i^^ Mpc , by 
a power-law form ~ (s/so)~^, with a correlation 
length So — 8h~-^ Mpc . The overall difference 
with the ^(r) from the APM survey (which is in 
real space, being based on a deprojection of an- 
gular clustering), is mostly due to redshift-space 
effects, that I will address in detail in the next sec- 
tion. Note how ^(s) maintains a low-amplitude, 
positive value out to separations of more than 
50/1-1 Mpc ^ 2dF and SDSS data pos- 

sibly implying a zero-crossing scale approaching 
lOO/i-^Mpc . This comparison shows explicitly 
why large-size galaxy surveys are so important, 
given the weakness of the clustering signal at 
these separations^. 

4.3. Velocity Distortions in the Redshift- 
Space Pattern 

The separation s between two galaxies com- 
puted using their observed redshifts is not a 
true distance: the red-shift observed in the 
galaxy spectrum is in fact the quantity cz — 
c^cosmoiogicai+^^pocii , whcrc Wpcc|| is the component 
of the galaxy peculiar velocity along the line of 
sight. This contribution is typically of the order 
of 100 kms-i for galaxies in the general field, but 
can rise above 1000 km s^^ within high-density 
regions as rich clusters of galaxies. Fig. ^ shows 
explicitly the consequence of such redshift-space 
distortion for the correlation function: ^(s) (all 
points) is flatter than its real-space counterpart 



^"There is quite a bit of confusion in technical papers on 
the term "scale" when comparing results from power spec- 
tra and correlation function analyses. A practical "rule of 
thumb" which works about right with well-behaved spec- 
tra is that a scale k in the power spectrum, corresponding 
to a spatial wavelength A = 27r/A;, relates approximately 
to r ~ A/4 in ^(r). 
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Figure 5. The bi-dimensional correlation function 
^(rp,7r) (with called instead a) from the 2dF 
redshift survey. The large-scale deviation from 
circular symmetry is a measure of the level of in- 
fall of galaxies onto superclusters, proportional to 
/3 = f^o-e/fo ~ 0.43 M. 



(dotted lines). This is the result of two concurrent 
effects: on small scales {r^ 2/i~^Mpc ), cluster- 
ing is suppressed by high velocities in clusters of 
galaxies, that spread close pairs along the line of 
sight producing what in redshift maps are some- 
times called "Fingers of God" . Some of these are 
perhaps recognisable in Fig. |l| as thin radial struc- 
tures. On the other hand, large-scale coherent 
streaming flows of galaxies towards high-density 
structures enhance the apparent contrast of these, 
when seen perpendicularly to the line of sight. 
This effect, on the contrary, amplifies f (s) above 
^ 3 — 5 h^^ Mpc , as evident in Fig. ^. 

Such peculiar velocity contribution can be dis- 
entangled by computing the two-dimensional cor- 
relation function ^(rp,7r), where the separation 
vector s between a pair of galaxies is decomposed 
into two components, tt and r^, parallel and per- 
pendicular to the line of sight respectively (see 
for details). The result is a bidimensional 



map, whose iso-correlation contours look as in 
Fig. H, where ^{r„, n) computed for the 2dF sur- 
vey is plotted 0. 

Redshift-space distortions might seem only an 
annoying feature, as they hide the true clustering 
pattern from direct investigation. In fact, they 
contain important information as galaxy motions 
are a direct dynamical probe of the mass distri- 
bution ]6^ . Non- linear distortions are a mea- 
sure of the "temperature" of the galaxy soup on 
small scales, and they are in principle related to 
through a Cosmic Virial Theorem 1 55 1 , which 
however has been shown to be difficult to apply 
in practice to real data [Q. Linear distortions 
produced by infall provide a way to measure the 
parameter /3 = il^f /b, i.e. essentially the mass 
density of the Universe modulo the bias factor. 
As thoroughly explained in the excellent review 
by Andrew Hamilton this can be achieved 
by measuring the oblate compression of the con- 
tours of ^(rpjir) along tt. One way to do this is 
to expand £,(rp,Tr) in spherical harmonics. In lin- 
ear perturbation theory, only the monopole ^o(s), 
quadrupole ^2(s) and hexadecapole ^4(3) are non- 
zero, and (3 can in principle be derived directly 
through the following ratio, which should be in- 
dependent of s [B2| 



Us) 



eo(s)-eo(5) 



1/3- 



(2) 



where £,o{s) = 3s~'^ S,q{x)x^ dx is the aver- 
aged correlation function within the radius s. In 
practice, linear and non-linear effects are inter- 
laced out to fairly large scales (^ 20 h~^ Mpc), 
and require a careful modeling. This has been 
done, using a simple but effective phenomenolog- 
ical approach, for the 2dF correlation function 
of Fig. ^, producing one of the most remarkable 
results of past year |Q; the 2dF quadrupole-to- 
monopole ratio is best reproduced^ by a model 
with (3 = 0.43 ±0.07. If 2dF galaxies are unbiased 
(h ~ 1), this would imply ~ 0.25. 

Clusters of galaxies clearly also partake in the 
overall motion of masses produced by cosmolog- 

^'^Since the conference, a more sophisticated error analy- 
sis was applied to the 100,000 redshift public release |B9||, 
obtaining essentially the same value of /3, but with a l-cr 
error of ±0.16. 
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Figure 6. ^{rp, tt) from the REFLEX survey of X- 
ray clusters of galaxies (here limited to the first 
quadrant only, where all the information is con- 
tained). Note the compression of the contours 
along the redshift (vr) direction, evidence of sig- 
nificant streaming velocities towards high-density 
regions, and the lack of any stretching at very 
small Tp's (there are no "Fingers of God" made 
by clusters!) 



ical inhomogeneities. Line-of-sight spurious ef- 
fects (as projections in optically-selected cluster 
catalogues Q or large redshift errors) and lim- 
ited statistics, prevented so far the detection of 
true velocity anisotropics in cluster ^(r^, tt) maps. 
Fig. ^ plots ^{rp, tt) for the REFLEX survey. Here 
we have a clear indication of compression of the 
contours along the line of sight, of the kind ex- 
pected by the linear infall of clusters towards su- 
perstructures. The statistical signature of cluster 
motions seems therefore to have been detected, 
and at the time of writing accurate experiments 
using large mock realisations of the REFLEX sur- 
vey are under way, to quantify precisely the con- 
fidence level at which /3 can be estimated from 
this map p0| , |6l[ |. 



5. STRUCTURE AT HIGH REDSHIFTS 
AND GALAXY FORMATION 

The final part of my talk was dedicated to a 
quick overview of the status of large-scale struc- 
ture studies at 1 and its intimate connection 
with the formation of galaxies themselves. It 
is practically impossible with the limited space 
available here to give a fair account of the fervent 
activity in the field of galaxy formation and evo- 
lution. For this, the reader is addressed to other 
more specific reviews available in the literature 
(e.g. the excellent lectures by Ellis in ||3^). Here 
I will limit the discussion to some specific points 
concerning the possibility to trace the evolution 
of structure back in time using galaxy redshift 
surveys. 

5.1. Evolution of Clustering 

Ideally, studying the evolution of structure 
through deep {z > 0.5) redshift surveys would 
provide a further powerful way to constrain mod- 
els and in particular to measure cosmological pa- 
rameters as r^M, which governs the growth rate 
of structures. This ideal dream is in practice 
hampered by two factors. First, in a classical 
magnitude-limited survey the k-correctioi^^ de- 
pends on the spectral type, thus making the rela- 
tive percentage of morphological types be a func- 
tion of redshift. For example, when observing in 
a blue band the k-correction for elliptical galax- 
ies (which have a red spectrum) grows much more 
rapidly than for young blue galaxies as spirals or 
irregulars. Since we know that locally red galax- 
ies are more clustered than blue galaxies (e.g. 
||57|], just because of this effect one would mea- 
sure a fainter clustering at high z, independent of 
the growth rate of structure. Secondly, and addi- 
tionally, galaxies do evolve and at large redshifts 
even a population selected, e.g., with the same 
rest-frame colour and luminosity range as locally 
(i.e. properly k-corrected) would include galax- 
ies which are very probably not the progenitors 
of a local survey like 2dF and SDSS. Also in this 
case, we would not be looking at the same tracers 



^ That is, the fraction of Hght lost because of the red- 
shifting and stretching of the spectrum at larger and larger 
distances 
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Figure 7. How to select "a priori" candidate 
galaxies at z = 3: in this figure by Marc Dick- 
inson l?^, the band-dropout technique is peda- 
gogically outlined. The upper panel shows the 
spectrum of a star-forming galaxy at z = 3, and 
the wavelength position of four filters covering the 
UV-visible range. The corresponding galaxy im- 
ages in the four bands are displayed in the bottom 
CCD frames, with the object disappearing in the 
U band due to the almost complete absorption 
below the redshifted Lyman limit. 



at different redshifts, and so the observed evolu- 
tion of the correlation function or power spectrum 
would be impossible to connect to the growth rate 
of fluctuations. This introduces a profound differ- 
ence with "local" surveys, where the look-back 
time is small compared to Hubble time: deep 
galaxy redshift surveys trace at the same time the 
growth of the mass skeleton of the Universe and 
the formation and evolution of the stellar popu- 
lation in the galaxies themselves. 

These difficulties are reflected by the lack of 
a consistent trend in the evolution of the corre- 
lation length measured from available deep sur- 
veys, that show values scattered between 1.8 and 
5 h^^yVpc for redshifts in the range [0,1] (see 



Table 1 in for a review). The large vari- 
ance among different samples reflects the prob- 
lems outlined above, as the use of different spec- 
tral bands (e.g. red-selected or blue-selected sur- 
veys), exacerbated by the limited size of surveyed 
areas (~ 100 arcmin), due to the time needed to 
collect a spectrum for z ~ 1 galaxies. It is prob- 
ably for these reasons that most progress in the 
area of the evolution of clustering has come dur- 
ing the last few years from 2D surveys, measuring 
angular clustering over fairly large angles thanks 
to wide-angle CCD cameras (see e.g. ||6^ and 
references therein). 

This situation is therefore yet another example 
in the long list of "cosmological probes" which 
rather than cosmology turned out to be testing 
evolution of a particular class of objects (were 
they either radio galaxies, first-ranked cluster 
galaxies, or generic galaxies). This shifts the at- 
tention in deep surveys from just using galaxies 
as "test particles" to understanding the way their 
baryonic component was assembled and evolved 
as to shape today's colours and morphologies 
p8| , |66|| . There are therefore good reasons for 
going deeper with redshift surveys: the picture 
becomes probably more complicated to interpret 
cosmologically, but certainly richer in astrophys- 
ical details. "Big" questions that need investi- 
gation at high z are, for example, (1) do we see 
evidence of continuous merging, as expected in 
the "standard" hierarchical model? (2) Can we 
reconcile with this scenario the observation of a 
consistent fraction of old massive elliptical galax- 
ies at z > 1? (3) How the assembly of galaxy 
masses translates into the star formation history 
of the Universe? (4) How do we connect this to 
the ionization history of the Universe? (5) How 
did galaxy morphologies (and their relation with 
local density) originate? |Q 

5.2. Clustering at z > 1: High-bias Objects 

The best current ffux-limited deep surveys 
reach z ^ 1 |]68| , |69| . However, if the goal is to 
select samples at very large redshift, moving the 
flux (magnitude) limit to even fainter values is not 
the most efficient option (although it guarantees 
a higher level of control over selection effects) . Al- 
ternatively, an important advance of the last few 
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years has been the abihty to select through photo- 
metric means (i.e. using CCD images in different 
filters), almost volume-limited samples of galax- 
ies with mean redshifts z ci^ 3 and ~ 4 
This is an efficient alternative to pure flux-limited 
samples, which even at very faint magnitude lim- 
its are dominated by a bulk of faint z < 0.5 ob- 
jects. The technique is based on the detection of 
specific features ("breaks") in galaxy spectra us- 
ing multi-band imaging through appropriate sets 
of filters. The most notable of such features is 
the Lyman break at 912 A which is prominent 
in star-forming galaxies. At z = 3, the break 
is redshifted to 3650 A, thus falling between the 
so-called U and B filters. For this reason, a star- 
forming z ~ 3 galaxy will be detected in B, but 
will be almost invisible in U (see Fig. A sim- 
ilar reasoning can be applied to hunt for z ^ A 
galaxies, using instead the B and V filters. A 
fairly large sample 1000 galaxies) at z = 3 has 
been constructed in this way during the 1990's by 
Steidel and collaborators, spectroscopically con- 
firmed through intense use of the Keck 10-m tele- 
scopes fzotl - 

Ly-break galaxies turn out to be highly biased 
objects. In fact, they show a very strong clus- 
tering, with a correlation length comparable to 
that of normal galaxies at the present epoch . 
This implies that they cannot be representative 
of the mass clustering at that epoch. A consis- 
tent explanation is that they are the progenitors 
of massive elliptical galaxies that today populate 
rich clusters of galaxies, undergoing their most 
active phase of star formation |Q . 

5.3. Future Deep Redshift Surveys 

Although custom-selected samples of high- 
redshift objects as Lyman-break galaxies are cer- 
tainly fundamental for understanding specific sci- 
entific issues, it is difficult to use them to trace 
the evolution of the overall population. To make 
a further major step in our understanding of how 
structure and galaxies formed and evolved, we 
need new surveys which: (1) Are based on multi- 
band photometric information, such that selec- 
tion effects can be understood as finely as possible 
and specific morphologies and rest-frame colours 
can be traced back in time over a sensible range; 



(2) Cover areas which are wide enough to reduce 
"cosmic variance" ; (3) Provide, a combination of 
depth, volume and statistics (number of objects) 
comparable to local ongoing surveys as 2dF and 
SDSS. 

There are currently two ambitious projects 
which are due to start during 2002 and that are 
expected to be close to these desiderata. One is 
the DEEP2 survey Q, that will collect spectra 
for ^60,000 galaxies between z ~ 0.7 — 1.5, over 
four 2° by 0.5° strips of sky using the Keck 10 m 
telescope. The other is the VIRMOS survey, that 
will similarly observe ~150,000 galaxy spectra us- 
ing mainly the new VIMOS spectrograph at the 
VLT 8 m telescope, splitted into a "wide" survey 
over ~ 16 deg^ to a red magnitude Iab = 22.5 
(~ 100,000 redshifts), plus a "deep" survey over 
- 1 deg2 to Iab = 24 (- 50,000 redshifts), in 
addition to one or more "ultra-deep" probes to 
Iab = 25 over some arcminute-sided fields, using 
an Integral Field Unit [||| . 

6. SUMMARY 

In conclusion, I hope to have passed the sensa- 
tion that we do live in a glorius time for cosmol- 
ogy, which has finally become a mature science, 
not anymore an entertaining playground for al- 
most pure speculation. In fact, we never had 
such a wealth of data at our disposal, by which 
we are pinning down the values of cosmological 
parameters to high accuracy (e.g. Q), while at 
the same time being able to study galaxy for- 
mation almost in the act, thanks to new pow- 
erful telescopes. The few observational facts we 
have reviewed here contribute to further reinforce 
the remarkable convergence of different observ- 
ables (CMB, large-scale structure, distant Super- 
novae, cluster evolution, to mention a few) to- 
wards what we called in the introduction the cur- 
rent standard model, i.e. one with a flat geom- 
etry {fltotai = 1), apparently guaranteed by the 
combination of a dominating Cold Dark Matter 
component (flcDM — 0.3, flbaryon — 0.02) and 
a Dark Energy of unknown nature (the cosmo- 
logical constant, ~ 0.7 ). Several interesting 
talks at the TAUP2001 meeting were devoted to 
the detection of baryonic and non-baryonic dark 



12 



matter. I invite the reader to look at the corre- 
sponding contributions in this volume, however, 
and test whether he/she is not left with some un- 
easiness as our wonderful "standard" cosmolog- 
ical model seems in fact to be so far essentially 
based on a) a Dark Matter we do not detect; b) 
a Dark Energy we do not understand; c) a frac- 
tion of Baryons we cannot completely find! Yet 
everything seems to work: isn't this reminiscent 
of epicycles? 
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